Functional groups of the pseudocomponents were determined by FT-IR. Gaussian-DAEM-reaction model was developed for kinetic study. Four kinds of syngas were investigated using a three-parallel distribution model. The liquid production was investigated using Py-GCMS. a r t i c l e i n f o 
Introduction
The increasing anthropogenic CO 2 emission and global warming have challenged the world to find new and better ways to meet the world's increasing needs for energy while reducing greenhouse gases (Lee et al., 2010) . Lignocellulosic biomass is an important feedstock for the renewable production of fuels, chemicals and energy. It is one of the largest energy sources in the world. It was once an important source of energy for humankind and it is starting to play this role again (Galembeck, 2010) . That is because biomass is a clean, cost-effective, CO 2 neutral and low sulfur content renewable material which can be used for heat and fuel production (Gordillo and Belghit, 2011) . Moreover, biomass is expected to be an important source of renewable liquid transportation fuels and chemicals.
Biomass pyrolysis utilizes high temperatures to produce an economically renewable intermediate (bio-oil) that can be integrated with the existing petroleum infrastructure to produce biofuels (Mettler et al., 2012a) . Bio-oil is easy to transport, making biomass a dominant choice for the replacement of fossil fuels (Mahinpey et al., 2009) . Its use as fuel in boilers and engines has been tested (Chiaramonti et al., 2003a,b) . In the above studies, bio-oils were obtained by decomposing biomass samples at different pyrolysis conditions and characteristics of the obtained bio-oil were also investigated by various instrumental techniques. However, the quality of bio-oil is critical to downstream process development and is determined by a number of factors like reaction timescale, extent of primary and secondary reactions, and the presence of minerals (Vinu and Broadbelt, 2012) . And the storage conditions can also effect the characterizations of bio-oil (Kim et al., 2012) . Pyrolysis-gas chromatography/mass spectrometry instrument (Py-GC/MS) was employed to achieve fast pyrolysis of biomass material and on-line analysis of the pyrolysis vapors. As the heating rate of Py-GC/MS was 10 4 K S
À1
, the secondary reaction can be avoided (Qiang et al., 2009; Zhang et al., 2014b) .
It is well known that cellulose (40-50 wt.%), hemicellulose (25-35 wt.%) and lignin (16-33 wt.%) are the building blocks of woody biomass (Vinu and Broadbelt, 2012; Zakzeski et al., 2010) . Schematic representation of the location and structure of cellulose, hemicellulose and lignin in biomass material was shown in Fig. 1 . Cellulose present along with hemicellulose in almost all plant cell walls. While cellulose is crystalline, strong, and resistant to hydrolysis, hemicellulose has a random, amorphous structure with little strength. Unlike cellulose, hemicellulose consists of shorter chains 500-3000 sugar units as opposed to 7000-15,000 glucose molecules per polymer seen in cellulose. In addition, hemicellulose is a branched polymer, while cellulose is unbranched. In plant cell walls, lignin fills the spaces between cellulose and hemicellulose, and it acts like a resin that holds the lignocellulose matrix together (Zakzeski et al., 2010) . There are a variety of models available for analyzing the kinetics of biomass thermal decomposition studies, including first-order (Kissinger, 1956) , discrete activation-energy distributions (Burnham and Braun, 1998) , and sequential models (Braun and Burnham, 1987 ) such as models having Gaussian (Anthony and Howard, 1976) , Weibull (Lakshmanan and White, 1994) and Gamma (Astarita, 1989) distributions. The distributed activation energy model (DAEM), representing the sequential models, is by far the most comprehensive model for analyzing complex reactions in thermal decomposition of biomass (Várhegyi et al., 2010) . The model assumes that an infinite number of first order parallel reactions having unique kinetic parameters take place concurrently. Several researchers (Cai et al., 2013a; Li et al., 2008; Zhou et al., 2013) have investigated this kind of three parallel reaction model of biomass pyrolysis. The model assumes that lignocellulosic biomass contains three independently reacting pseudocomponents, and therefore, that the global thermal decomposition behavior reflects the individual behavior of these pseudocomponents, weighted by the composition and they also assume the DTG curve of the three pseudocomponents fitted the Gaussian distribution model. How does the char and volatile especially the H 2 , CH 4 , CO and CO 2 formed still a challenge for biomass pyrolysis (Mettler et al., 2012a,b) .
In the previous research, the efforts focused on characterizing the bio-oil (Chen et al., , 2011 and the kinetic of biomass pyrolysis (Chen et al., 2014; Zhang et al., 2014a) . The main objective of the present work was to gain a better understanding of the decomposition behavior of pine sawdust using TG-MS and Py-GCMS. The multi-Gaussian-DAEM-reaction model was used to investigate the kinetic of pine sawdust. The trends of light gases (H 2 , CH 4 , CO and CO 2 ) with the increase of the temperature were also studied. This study may provide a useful reference for energy carriers from the pyrolysis of biomass.
Methods

Materials and methods
The pine sawdust was used as the typical raw biomass material in this study. The proximate and ultimate analyses of the samples are listed in Table 1 . Cellulose (CAS: 9004-34-6, product number: C6288) and lignin (CAS: 8068-05-1, product number: 471003) were bought from Sigma-Aldrich Co., Ltd (USA). Cellulose was a polysaccharide composed of long chains of b(1,4) linked Dglucose units. The low sulfonate content alkali lignin was chosen in this study. In this work, xylan (CAS: 9014-63-5, product number: X4252) was purchased from Sigma-Aldrich Co., Ltd. All samples were dried for 12 h at 378 K to remove water before the TGA experiment. Prior to the experiment, the samples were dried in an electrically heated oven at the temperature of 378 K for 12 h and stored in air-tight bags until experimentation.
Fourier-transform infrared (FT-IR) analysis
The FT-IR analysis was used to determine the functional groups of the biomass material. Four kinds of raw material including pine sawdust, cellulose, hemicelluloses and lignin were analyzed in this work. The raw material was mixed with KBr powder which had been dried at 105°C at a ratio of 3 mg raw material: 1000 mg KBr for all samples. The powder mixture was then re-ground in a mortar and pestle to ensure homogeneity and was stored in a desiccator. Pellets were created using 150-250 mg of powder in a pellet press at 10 Mpa of pressure. Using a Mattson Model 5020 FT-IR Spectrometer (Madison, WI) at wave numbers from 400 to 4000 cm À1 , each sample was scanned 100 times, with a resolution of 0.4 cm
À1
, subtracting a blank value obtained from a pure KBr pellet.
TG-MS analysis
The experiments were performed using a thermogravimetric analyzer (TGA, TA Instruments Q600) with a MS (Thermo star, Pfeiffer), operating at the heating rate of 50 K min À1 . A thin layer of the sample (ca. 10 mg) was distributed evenly in a ceramic crucible and placed in the TGA. The sample was then heated at a desired heating rate to the final temperature of 1273 K. The reaction of such a thin layer of sample could be considered kinetically controlled without incurring any significant mass and heat transfer limitations of concern (Simmons and Gentry, 1986) . During the heating, the mass and temperature of the sample were simultaneously and continuously recorded. In the pyrolysis experiments, Helium of ultra high purity was passed through the TGA at a constant flow rate of 100 ml min À1 to provide the inert gas environment and to sweep away the volatile released.
Py-GC/MS analysis
Py-GC/MS experiment was performed in the CDS Pyroprobe 5200 HP pyrolyser (Chemical Data Systems) connected with a gas chromatography/mass spectrometry (7890/5975C, Agilent). During the experiments, the pyrolysis tube was filled with 0.5 mg of sawdust. The pyrolysis temperature was set at 500°C with a heating rate of 20°C ms À1 and held for 25 s. A helium carrier gas of 30 ml min À1 flow rate was used to purge the pyrolysis chamber.
The chromatographic separation of the volatile products was performed using an Agilent HP-5 capillary column. Helium (99.999%) was used as the carrier gas with a constant flow rate of 1 ml min À1 and a 1:100 split ratio. The oven temperature was programmed from 40 to 180°C with the heating rate of 4°C min
À1
, and then to 280°C with the heating rate of 10°C min À1 . The temperature of the GC/MS interface was held at 280°C. The mass spectra were obtained from m/z 50 to 400. The chromatographic peaks were identified according to the NIST library.
Distributed activation energy model
DAEM is a multiple parallel reaction process, which assumes the pyrolysis mechanism of solid fuels is made up of an infinite number of independent, parallel, first order reactions with unique activation energies (Miura, 1995) . The DAEM equation is given as Eq. (1):
where a(T) is extent of conversion, T is the absolute temperature, k 0 is the pre-frequency factor (frequency factor), b is the heating rate, E is the activation energy, R is the universal gas constant, and f(E) is the activation energy distribution. In order to estimate the values of kinetic parameters, the activation energy distribution is generally assumed by a Gaussian distribution with mean activation energy E 0 and standard deviation r is shown as Eq. (2):
The derivative of Eq. (1) is expressed as:
In order to optimize values of kinetic parameters (k 0 , E 0 and r)
in Eq. (3), the objective function (the fitting quality, Fit) is defined according to the equation shown below:
where n d represents the number of the data points, (da/dT) max is the maximum experimental value, and (da/dT) cal represents those calculated by Gaussian DAEM model for a given set of parameters of k 0 , E 0 and r, (da/dT) exp is the experimental data, and (da/dT) cal represents those calculated by Eq. (3) for a given set of parameters of E 0 and r.
3. Results and discussion
Chemical structure analysis of lignocellulose biomass
The chemical structure of the pine sawdust and the three components were analyzed using Fourier-transform infrared (FT-IR) spectroscopy throw pelleting the sample with KBr powder. The typical functional groups and the IR signal with the possible compounds of cellulose, hemicelluloses, lignin and pine sawdust are listed in Table 2 . It can be seen that the cellulose, hemicelluloses, lignin and pine sawdust are most likely consisted of alkene, esters, aromatics, ketone and alcohol, with different oxygen-containing functional groups observed, e.g., OAH (3500-3200 cm ) for lignin's IR spectra. While for lignocellulosic biomass material, the pine sawdust contain all the IR spectra that in cellulose, hemicelluloses and lignin.
Kinetic study of lignocellulosic biomass pyrolysis
The thermal properties of pine sawdust pyrolysis were shown in Fig. 2 . According to the results of TG and DTG curves of pine sawdust pyrolysis as shown in Fig. 2(a) , the main decomposition temperature of pine sawdust is ranging from 500 to 850 K. About 16 wt.% solid residue was remaining. In the pyrolysis process, the biochar can be formed from the polycondensation of biomass. The reaction rate is measurable above 450 K, and the pyrolysis is essentially complete at 950 K. So the investigated temperature range is 450-950 K. The DTG curve shows a peak at 667 K. The peak can be attributed to the decomposition of cellulose. To the left of the maxima, the DTG peak shows a shoulder at 625 K. This shoulder is associated with the pyrolysis of hemicellulose. A slow, flat tailing of the peak in the upper part of the temperature domain was observed, which was probably mainly associated with the decomposition of lignin. Lignocellulosic biomass contains three main components: hemicellulose, cellulose, and lignin. The pyrolysis kinetics of these components can be described well by using the DAEM. A model consisting of three parallel DAEM reactions was assumed to describe the pyrolysis kinetics of lignocellulosic biomass. In this model, the lignocellulosic biomass is regarded as a sum of three pseudo-components: hemicellulose, cellulose, and lignin. It is further assumed that there is no interaction among these pseudocomponents and the pyrolysis kinetics of each pseudocomponent can be described by using the DAEM. The equation for the three-parallel-DAEM-reaction model is given in Eq. (6). In this equation, Àda/dT is the reaction rate obtained from the DTG curve of biomass pyrolysis, da j (T)/dT is the conversion rate of the jth pseudo-component which can be described by Eq. (3), c j represents the fraction of volatiles produced by the jth pseudocomponent.
The three-parallel-DAEM-reaction model was used to describe the pyrolysis kinetics of lignocellulosic biomass feedstocks. Fig. 2 (b) showed the comparison between the experimental DTG curves and the data predicted by the three-parallel-DAEM-reaction model. The residuals between the observed and calculated data are plotted underneath the figure. Fig. 2(b) also showed the good fitness of the model to the experimental results. The Fit (%) was 5.4 and the R 2 was 0.982. The shape and position of the three pseudocomponents were similar to the hemicellulose, cellulose and lignin. The major portion of the hemicellulose and cellulose reacts in a relatively narrow range of low temperatures. The third pseudocomponent represents the sum of the remaining amounts of these components plus the fractions of lignin, which decomposes in a broad temperature range. The weight loss rate of the three pseudocomponents can be calculated throw the integrate of the DTG curve as shown in Fig. 2(c) . As shown in Fig. 2(c) , the weight loss rate for the hemicelluloses, cellulose and lignin is about 52%, 26% and 22%. The f(E) curves for hemicellulose, cellulose and lignin were shown in Fig. 3 , it can be seen that the activation energies changed from 130 to 275 kJ mol
À1
. Gaussian distribution of activation energy was widely used for biomass thermal decompositions. Cai et al. (2013b) reported that the activation energy values for solid-state reactions were between 50 and 350 kJ mol À1 , indicating that the activation energy distribution in this study was reasonable. As shown in Fig. 3 , the activation energy for hemicellulose, cellulose and lignin were 186.8, 197.5 and 203.9 kJ mol The 1 st pseudocomponent
The 2 nd pseudocomponent
The 3 th pseudocomponent Fig. 3 . Activation energy distributions of three pseudocomponents for pine sawdust sample.
of hemicellulose, cellulose and lignin were 8.16, 0.58 and 4.31 kJ mol
, respectively. It was concluded that the activation energies required to decompose different intermediate products were similar for one pseudocomponent. Increasing the Gaussian distribution parameter (r) makes the f(E) profile broader. The decomposition of hemicellulose and lignin both occurred in a wide temperature range, and therefore the interval of activation energy was larger than cellulose.
Evolution of light gases
The syngas from pyrolysis of biomass is useful if the combustible gases of CO, H 2 and CH 4 contents are high. The literature has reported that syngas can be used as a heat source in a recycling fluidized-bed reactor. The ions of 2, 16, 28 and 44 m/z assigned to H 2 , CH 4 , CO and CO 2 were detected for pine sawdust degradation under inert atmosphere. Three-parallel reaction model was used to investigate the evolution of H 2 , CH 4 , CO and CO 2 . Curves of evolution of light gases based on three-parallel reaction model are shown in Fig. 4 . For the lignocelluloses biomass material, the H 2 , CH 4 , CO and CO 2 were measurable above the temperature of 550, 525, 510 and 500 K, respectively. The oxygen content of pine sawdust is 45.14 wt.% and the chemical bond energy of CAO bond (326 kJ mol À1 ) is lower than CAH bond (414 kJ mol À1 ) and CAC bond (332 kJ mol À1 ) (Luo, 2004) . That is why the H 2 content was detected at the highest temperature. According to the results in Fig. 4 , the three-parallel reaction model can fit the experimental data very well. The evolution of light gases from the three pseudocomponents was shown based on three-Gaussian-parallel reaction model. The results vividly showed that the evolution of light gases from hemicellulose, cellulose and lignin. The peak of the evolution of H 2 , CH 4 , CO and CO 2 is about 640-660 K, which is almost the same as the DTG curve of pine sawdust. The evolution of H 2 , CH 4 , CO and CO 2 from hemicellulose had a relative lower reaction temperature compared with cellulose and lignin. Hemicellulose has a lower thermal stability than cellulose and lignin. The temperature range of H 2 , CH 4 , CO and CO 2 evolution from cellulose pyrolysis is 650-750 K. For the lignin pyrolysis, the evolution of CH 4 , CO and CO 2 showed a lone peak. But for the evolution of H 2 , only a small peak was showed in Fig. 4(a) . The evolution of H 2 from lignin pyrolysis lags behind CH 4 , CO and CO 2 . In our previous research (Chen et al., 2016) , the main syngas contents of CH 4 , H 2 , CO and CO 2 were investigated from the pyrolysis of biomass material. The results showed that the content of combustible gases were more than 60%. At first, the contents of CO and CO 2 were about 95%. While the contents of H 2 and CH 4 increased with time. These results indicated that in the biomass pyrolysis process, the evolution of H 2 and CH 4 lags behind CO and CO 2 . For one thing, the chemical bond energy of CAO (335 kJ mol À1 ) and CAC (332 kJ mol À1 ) bond is lower than CAH bond (414 kJ mol
À1
). For another thing, lignin is a more stable polymer material, more than 60 wt.% of lignin can form biochar at the temperature of 1000 K (Zhang et al., 2014a) .
Py-GC/MS analysis
Py-GC/MS experiment was conducted to further investigate the chemical compounds production from fast pyrolysis of pine sawdust. The detailed main pyrolytic productions and their relative mass contents of pine sawdust are shown in Table 3 . The compounds were ordered according to their retention times. When the peak areas and relative abundance were compared in terms of area percentage, it was found that 46 types of chemical compounds were detected. The main productions are Acids, Furfurals and Phenols. It is known that the chemical compounds have a higher commercial value. From the structure of cellulose, hemicellulose and lignin as shown in Fig. 1 , the chemical compounds of Acid, Furans, Furfural, Neutral sugars and Phenols are the main productions from the pyrolysis of cellulose (Mettler et al., 2012a) and hemicellulose (Wang et al., 2015) . The lignin is a rich source of phenolic compounds. It is considered that phenolic compounds are predominantly produced by degradation of lignin (Custodis et al., 2015) .
Conclusions
A three-parallel-DAEM model was used to predict the pyrolysis behavior of the pine sawdust and the pyrolysis kinetics. The activation energy distributions obtained were in the ranges of 186.8, 197.5 and 203.9 
